I. Introduction
Current drug therapies have advanced significantly over the past few decades, and we find ourselves in a time of a medical revolution in our collective aim to treat each disease. Although dozens of new drugs appear each year, almost all of them continue to be wearing two hats: a pharmaceutical drug and, at certain concentrations, a toxic substance. Our ability to tip the balance toward the beneficial side of the equation to broaden the therapeutic window has largely been dependent on improved delivery methods to prevent nondiseased tissue from being affected. In addition to drug safety, pharmaceutical agents quickly get cleared or metabolized into a different, sometimes toxic side product and thus minimizing their therapeutic activity and duration. Furthermore, advances in genomics have allowed us to take major leaps toward personalized medicine and create novel tools for gene delivery or gene knockdown that appear to be promising. Nucleic acid-based therapies, however, are not as stable or readily taken up by cells as are small-molecule agents. Naked DNA and siRNA molecules degrade rapidly and their large size and charge make them difficult for delivery and thus requiring large amounts to be effective.
Nanotechnology has the potential to transform the pharmaceutical field by offering the ability to encapsulate and strategically deliver drugs, proteins, nucleic acids, or vaccines while improving their therapeutic index ( Fig. 1) . It is becoming evident that nanotechnology applied toward medicine (nanomedicine) will prove to be effective in creating new therapies but also in giving old therapies new life. Encapsulating pharmaceuticals in nano-or microparticles offers a solution to multiple problems in medicine underscored by the relatively new boom in interests from chemist and biologists. Nanoparticles can be made from various materials including lipids (Buse and El-Aneed, 2010) ; inorganic materials such as gold, carbon, and iron oxide ; proteins (Maham et al., 2009) ; and polymeric systems . Lipids, which are widely used and well characterized in carrier systems, are especially advantageous for targeting, because their dynamic nature allows clustering of peptides or other ligands, enhancing the affinity of the interaction with target cells (Poon et al., 2011) . However, this same dynamic nature also makes them less stable than other carriers. Inorganic materials provide the advantage of stability; but again, this strength is also a disadvantage, especially in the case of gold, as their retention in the body could limit clinical applications.
Biodegradable polymeric nanoparticle systems offer many advantages for biocompatibility, superior controlled release, size control, and low toxicity. The ability of polymers to degrade into safe small components that can be cleared by the body is almost as important as the ability to formulate the particles. Biodegradable polymeric nanoparticles can be formulated in a variety of ways and modified to easily encapsulate, embed within, or bind drugs to the exterior of nanoparticles. The most commonly used polymers include poly(lactide-coglycolide) (PLGA 1 ), poly(lactic acid), poly(-caprolactone), chitosan, and poly(alkylcyanoacrylates) (Kumari et al., 2010) . In this review, we will highlight the various strategies of delivering therapeutic payloads using polymeric nano-and microparticles that target sites of disease via physical and chemical approaches. We also showcase some studies that are paving the road to improved therapeutic delivery. Biodistribution and degradation kinetics is also an important consideration when designing polymeric particles.
II. Physical Targeting

A. Size
Improved circulation time of pharmacological agents is an important feature when designing better therapeutics. Nanotechnology quickly became an attractive system for the delivery of molecules to prevent immediate clearance from the kidneys. For example, a study using different sizes of quantum dots indicates that only particles with a diameter of 5.5 nm resulted in rapid and efficient urinary excretion (Choi et al., 2007) . Delivery vehicles can range from 10 nm to several micrometers in diameter, and what size is best remains an ongoing debate. To no surprise, there is not one particular size for all applications and several studies have demonstrated opposing results using nanoparticles or microparticles. In addition, the methods used to determine the size of particles differs between different research groups. Some groups measure the diameter calculated from volume (volume-weighted), whereas others consider the diameter measured using scanning electron microscopy (number-weighted) to be a better option. Furthermore, reported particle sizes may be misleading due to a high polydispersity of size caused by imperfect methods of preparation. The polydispersity can affect the apparent number and volume diameter and, more importantly, can result in microparticle formulation procedures that produce microparticles in combination with some nanoparticles and vice versa. In addition, failure to provide the instruments used to make measurements with the correct inputs or inappropriate dilutions can produce inaccurate results. Therefore extreme caution must be taken when preparing particles to ensure polydispersity is minimized and measured properly.
For immunology applications, the size of particles can affect the distribution and its intended goals. The two most common targets include the lymph node and dendritic cells. In Table 1 , we highlight and summarize several key studies for immunology applications comparing the size used in those experiments and include the actual reported particle size rather than categorizing them simply as "nano" or "micro." For example, it was shown that smaller particles preferably target dendritic cells in lymph nodes, whereas larger particles are better for dendritic cells in the periphery where they transport larger particles from the site of injection to the lymph node (Reddy et al., 2006; Manolova et al., 2008) . Whether particles are delivered to local or systemic lymph nodes may be less important than whether they activate dendritic cells and generate complete, long-lasting protection. Therefore, additional studies will need to be done to address what nanoparticle size is best for specific immunological outcomes.
For cancer applications, many research groups exploit the enhanced permeability and retention effect (EPR) of cancerous tissues. The EPR is due to the unique vasculature environment of cancer tissue characterized by extensive and defective vasculature and impaired lymphatic drainage. One of the size safety criteria for intravenous micro-or nanoparticles is that it should not produce vascular occlusion and should not be able to circulate and reach the target area without producing any harmful effects (Wong et al., 2008) . But a size limit for particles intended to accumulate in the tumor area by EPR is related to the permeability of the tumor. Several studies have measured the pore cutoff size of different subcutaneous tumors, and it appears that the majority of tumor's cutoff size ranges between 380 to 780 nm in diameter (Hobbs et al., 1998; Hashizume et al., 2000) . It is not surprising that there is a relatively large range for a cutoff size because most individual tumors will have distinct vasculature with exceptionally larger or smaller pore cutoff sizes according to the type, location, and cause of the tumors. For example, cranially grown or hormone-dependent tumors were found to have relatively smaller cutoff sizes (Hobbs et al., 1998 ). To address the particle size question in tumor targeting, FIG 1. Types of therapeutic payloads that can be encapsulated into polymeric nanoparticles. Small polymeric delivery systems in the nano and micro range can be used to deliver diverse therapeutics, including small molecules, proteins, nucleic acids, and diagnostic agents. The small size of these delivery vehicles allows them to circulate the body and reach various target regions. Polymeric particles protect the therapeutic payload from degradation, increase clearance, and reduce unwanted side effects.
POLYMERIC PARTICLES FOR DRUG DELIVERY C different studies were made to determine the optimum size that can meet the safety, circulation t 1/2 , EPR, and uptake criteria. In Table 2 , we highlight several studies using physical targeting for tumors. The studies listed in Table 2 have different compositions and sizes and thus cannot be directly compared because they also measure different responses and use different models.
Physical targeting to tumor regions may not be sufficient if the drug particles cannot reach the inner tumor mass. Because tumors have a more dense extracellular matrix than normal tissue (Jain, 1990) , large nanoparticles cannot always efficiently penetrate the tumor parenchyma. Delivery vehicles can be designed to release the therapeutic drug within exposed cancer cells or at the tumor region where the drug can then penetrate surrounding tissue. Most drugs can penetrate within a tumor mass once it reaches the tumor site, but many drugs become resistant and thus need to be included within subcarriers that can infiltrate deeper into the tumor mass and enter all cancer cells. Smaller particles, those around 20 nm or smaller, can diffuse into deep tumor mass more readily (Pluen et al., 2001; McKee et al., 2006; Popović et al., 2010) . Wong et al. (2011) combined the capability of EPR targeting using large nanoparticles with the ability for deep tumor mass penetration using small nanoparticles. In this study, 100-nm nanoparticles reached the tumor site by circulation and EPR effect followed by degradation and release of 10-nm nanoparticles that were able to better penetrate into the cancer tissue (Wong et al., 2011) . 
B. Shape
Architectural design of biomaterial structures must be investigated in detail to fully control and understand the biological properties attributed to nanoparticles. The shape of particles is an important consideration and can have an influence on the rate of cellular uptake and body distribution. The shape of particles can be spherical, disk-like, rod-like, and flexible in shape among others (Fig. 2) (Petros and DeSimone, 2010) . However, the contributions of shape have been difficult to assess because of the ease of making spherical particles and the challenge of designing other shaped particles.
1. Effect of Shape on Uptake. One study used a unique system to systematically control and compare the shape of nanoparticles. The system relied on a lithographic fabrication method called "particle replication in nonwetting templates" and was used to prepare cationic, nonspherical, cross-linked PEG particles (Gratton et al., 2008b) . They showed that cylindrical particles are internalized by HeLa cells more efficiently than cubeshaped particles. Moreover, different cylindrical particles showed comparable extents of internalization after 4 h regardless of the aspect ratio or size. The internalization kinetics of particles having a diameter of 150 nm and height of 450 nm was significantly higher than smaller or less elongated ones. They concluded that rodshaped particles of specific sizes could be a good choice to use as a delivery carrier. This is also in agreement with Huang et al. (2010) who showed that rod-shaped mesoporous silica nanoparticles have better uptake rates and extents compared with spherical and short rod particles in human melanoma cells. However, they report that rod-shaped particles have a negative effect on cell viability and other cellular functions.
A different study looking at gold nanoparticles demonstrated contradictory results. Chithrani et al. (2006) demonstrated that spherical nanoparticles showed better uptake by HeLa cells. Champion and Mitragotri (2006) explained the variation in uptake as a function of different shapes by using geometrically anisotropic polystyrene beads of five different shapes in addition to spherical particles. Phagocytosis by alveolar macrophages showed that the "local particle shape at the point of initial contact" affected initiation of phagocytosis; shallow curvature at this point triggers phagocytosis most effectively. Thus, particles whose shape throughout their surface is a shallow curve (e.g., spheres) are taken up efficiently, whereas those with such a shape only at certain parts of their surfaces (e.g., ellipsoids) are not. Furthermore, this study found that completion was controlled by the volume of particles, irrespective of shape. Although at optimum orientation (small angle relative to the cell surface), macrophages (radius 7.5 Ϯ 2.5 m) showed the ability to phagocyte particles as large as themselves, even small particles (0.2% of the macrophage volume) were not taken up if they were in unfavorable orientation. This phenomena was used to design worm-like particles that have minimum size normalized curvature to inhibit endocytosis (Champion and Mitragotri, 2009) .
2. Effect of Shape on Flow. Changing a particle's shape can modulate the distribution of particles throughout the circulatory system. For example, intravenous injection of particles will result in varying distribution and circulation when comparing spherical and nonspherical particles (Decuzzi et al., 2010) . Discoidal particles seem to accumulate less in the liver but can reach the lungs and other organs. A more comprehen-FIG 2. Shape effects. A particle's shape can influence the rate of cellular uptake and body distribution. Particles can be designed to have increased distribution (spherical or disk-like), adherence to junction sites (rod-like), improved uptake by cells (softness), or improved penetration into various gaps (deformable particles).
POLYMERIC PARTICLES FOR DRUG DELIVERY E sive study compared the flow dynamics of different-sized spherical, elliptical, circular, or rod-shaped particles. In this study, they use 1-, 3-, or 6-m particles of different shapes and placed them through synthetic microvascular networks to evaluate and compare their flow and adherence properties (Doshi et al., 2010) . The rodshaped particles appear to have higher adhesion properties. The effect of the particle's shape is more significant when comparing larger particles, where lower adhesion of spherical particles occurs at the channel junctions. The different adhesion and flow properties can be used to improve targeting. For example, rodshaped particles may be considered when targeting particles to the endothelium junctions because they have better adhesion than round particles.
The effect of shape on the in vivo circulation time was shown by Geng et al. (2007) . They presented a copolymer with a hydrophilic chain of PEG and an inert or biodegradable hydrophobic chain. These copolymers can assemble into cylindrically shaped micelles known as filomicelles that showed longer circulation time compared with their spherical alternatives after injection into animals.
3. Red Blood Cell Simulation. Small natural objects such as red blood cells can be used as inspiration for the shape of particles. Several groups have studied red blood cells (RBCs) as a model microstructured vesicle that is biconcave, 8 m in diameter, and able to deform and pass through small blood vessels and sinusoidal pores in the spleen. Can particles be designed to imitate these properties? Various studies have attempted to simulate RBCs' unique deformability by using polymeric microparticles. Shape was concluded to be one of the main factors that contributes to deformability of particles and determines their ultimate biological properties. Haghgooie et al. synthesized PEG hydrogel microparticles into four different shapes (disks, rings, crosses, and S shapes) to study their flow behavior in microfluidic channels (Haghgooie et al., 2010) . Although all four shapes affected the flexibility of the microparticles, Sshaped ones were reported to be the highest in flexibility, whereas disks were the least. No biological experiments were done to test the consequences of these differences in flexibility.
RBCs were also mimicked using low-density crosslinked hydrogel disks prepared using the particle replication in nonwetting templates method. Pharmacokinetics and distribution of these particles were studied after intravenous injection in mice and demonstrated that these RBC-like particles had a much longer circulation half-life (Merkel et al., 2011) . In another study, poly(4-styrenesulfonate) and hemoglobin were assembled layer by layer to produce RBC-shaped particles (Doshi et al., 2009 ). These particles were described as able to pass through small channels carrying oxygen, drugs, or imaging agents.
C. Particle Stiffness
The rigidity of particles has a clear effect on distribution, as mentioned previously with soft and flexible particles that mimic RBCs (section II.B.3), but it can also affect cellular uptake. The differences in rigidity can be studied by changing the cross-linking density to alter the rigidity of hydrogel particles. Only a few studies have been done to show that different types of cells have different preferences for particle uptake. For example, HeLa cells can take up soft particles better than harder ones (You and Auguste, 2009) , whereas macrophages prefer hard ones (Beningo and Wang, 2002) . Because of the different applications and different cellular targets, more investigation is warranted to compare the same particles in different cell lines. Some studies looking at particle size as the variable may also be indirectly looking at rigidity, which can also influence the results. This is a critical challenge of these studies, which persists in all studies on the biological consequences of particle physiochemical properties. More mechanisms that can allow the evaluation of each variable separately are needed.
D. Charge
The net charge of particles can affect the circulation half-life, tissue retention, and/or cell entry capabilities and should be well understood to improve the delivery of particles. Several groups have assessed the charge presented on the particle's surface to assess cellular uptake. Most studies are in agreement with the observation that there is better uptake of positively charged particles in most cell lines with some exceptions for certain macrophages (Gratton et al., 2008a) and some stem cells (Lorenz et al., 2006; Chung et al., 2007) . Better uptake of cationic particles may be due to the electrostatic interaction with the cell membrane. On the other hand, in vivo distribution of 150-nm particles having a -potential of ϳϪ15 mV showed more efficient accumulation at the tumor site compared with more negative or positive particles or bigger particles . Because cationic particles can improve their uptake but cause undesired interaction with any cell type (Dellian et al., 2000) , negatively charged particles with longer circulation half-lives may be designed to switch to positively charged ones at the site of action (Sankaranarayanan et al., 2010) .
E. Polyethylene Glycolation
Opsonization occurs when foreign organisms or particles are covered with proteins that function in directing phagocytic cells toward them. The net charge carried by particles or their hydrophobic character can cause undesirable interaction with opsonin proteins (Chonn et al., 1991; Mü ller et al., 1992; Norman et al., 1992) . Once particles are opsonized, macrophages in the reticuloendothelial system initiate phagocytosis and cause imme-F diate removal from the bloodstream before delivering the therapeutic cargo. Addition of poly(ethylene glycol) (PEG) to the particle's surface, known as PEGylation, can be used to cover any undesired charge or surface properties and effectively prolong their circulation time to achieve their intended application (Gref et al., 1994; van Etten et al., 1995; Mainardes et al., 2009; Shan et al., 2009) (Fig. 3) . PEGylation of particles must have the right surface coverage to function as a good stealth system. Low surface coverage forms loose mushroom-like structures and results in open spaces between the PEG chains to allow opsonin proteins to interact with the particles. Dense surface coverage will form a brush-like configuration when presented on the surface of the particles and can cause particles to lose their flexibility, decreasing its steric hindrance properties (Storm et al., 1995; Owens and Peppas, 2006) . To reach the optimal PEGylation density, polymer molecular weight, length, branching, and particle formulation procedures are variables that can affect the final results and must be empirically determined for each system (Gref et al., 1994; Photos et al., 2003; Prencipe et al., 2009; Shan et al., 2009) . Although PEGylation can give particles stealth power for longer circulation times, it has some drawbacks. If the particles are required to be taken up by cells, PEGylation can be a factor that decreases their uptake (Ehrenberg et al., 2009; Mainardes et al., 2009 ). To overcome this hurdle, several groups have designed particles to have the PEG chain removed when it reaches the target area (Boomer et al., 2003; Romberg et al., 2008; Hatakeyama et al., 2009 ). These advanced particles have long circulation times to reach the target tissue where they shed the PEG chains, thus exposing charged particles that promote cellular uptake.
III. Chemical Targeting
To improve delivery and reduce unwanted side effects, the nanotechnology field is beginning to evolve and take advantage of biological, chemical, and physical properties of tissues and individual cells to improve targeting. We will loosely define this field as chemical targeting. Chemical targeting of nanoparticles involves multiple advanced strategies that may include materials that are responsive to pH, reactive oxygen species, heat, proteases, external physical stimuli (light, heat, magnetic field) or targeting through specific binding and cell-penetrating peptides. The multiple strategies can be applied independently or combined to improve therapeutic delivery.
A. Ligands and Antibodies
To achieve higher specificity, nanoparticles can be conjugated with targeting moieties on the surface that bind specifically to receptors or other molecular structures on the cell's surface (Fig. 4) . In Table 3 , we list a few examples of chemical targeting via antibodies or ligands that improve delivery.
Advances in antibody production and their accepted therapeutic value, underscored by numerous U.S. Food and Drug Administration-approved antibody therapeutics, make these biological molecules excellent candidates for nanoparticle targeting. Antibodies are also easily conjugated to multiple types of particles, with PLGA being the preferred polymeric system due to its Food and Drug Administration validation. Nanoparticles can be adsorbed or conjugated to antibodies by using a variety of methods, including biotin-streptavidin, thiolation, or cross-linking agents such as bis(sulfosuccinimidyl) suberate. Because antibodies are "polar" in their binding POLYMERIC PARTICLES FOR DRUG DELIVERY G activity, it is also important to consider orientation of the binding versus random binding. This problem can be addressed by taking advantage of the sugar molecule normally found in the Fc region of antibodies or bioengineered active groups. Regardless of orientation, it seems that a significant amount of active binding sites must be present after antibody conjugation to prove useful. The ability to have active targeting sites accessible and not bound to the particle depends on conjugation techniques.
1. Blood-Brain Barrier. Antibody conjugated nanoparticles have been employed to overcome the bloodbrain barrier (BBB) when targeting the brain. The BBB results from the selectivity of the tight junctions between endothelial cells in central nervous system vessels that restricts the passage of microscopic objects, hydrophobic molecules, and most proteins. Overcoming the difficulty of targeted delivery of therapeutic agents to the brain presents a major challenge to treatment of most brain disorders. Aktaş et al. (2005) demonstrated the potential of targeting chitosan nanoparticles to the brain using a mouse monoclonal antibody, OX26, against the rat transferrin receptor. The transferrin receptor has been reported to be in high abundance at the brain microvascular endothelium (Chen et al., 1998) . Their goal was the inhibition of caspase-3-like protease activity using encapsulated N-benzyloxycarbonyl-DEVD-fluoromethyl ketone peptide because of its therapeutic significance in the treatment of stroke and related neurological disorders. Their strategy involved the use of biotin-labeled PEG to coat chitosan nanoparticles and streptavidin-labeled antibodies for the conjugation. The resulting "smart" cationic particles are thought to interact with the negative charges of the brain endothelium and allow for targeted-induced transport across the BBB. Indeed, they show that OX26-conjugated nanoparticles can penetrate into the brain whereas the OX26-free NPs cannot (Aktaş et al., 2005) .
2. Targeting Cancer. Nanoparticle targeting with antibodies or ligands has been greatly applied in cancer and immunological diseases. For instance, several strategies take advantage of popular cell surface targets that are overexpressed by cancer cells. The most common targets include the epidermal growth factor receptor (EGFR), vascular endothelial growth factor, folate receptor, the transferrin receptor, and several glycoproteins, among others. EGFR, a receptor highly expressed in breast cancer, has been used with PLGA nanoparticles containing rapamycin that were surface-conjugated with an EGFR antibody (Acharya et al., 2009 ). In vitro analysis shows that the antibody-conjugated particles offer cancer cell growth control greater than that of Antibody-conjugated nanoparticles can also be used for the targeted delivery of nucleic acids. The use of siRNA as a therapeutic has shown a lot of promise, but the main obstacle is preventing it from degrading upon delivery and improved targeting. CALAA-01, a nanoparticle formulation to deliver siRNA in tumor cells, is the first nanoparticle of its type to enter human clinical trials (Davis, 2009 ). The nanoparticle consists of a cyclodextrin-containing polymer and PEG. Similar to the strategy used to target and enter the BBB, human transferrin was used as a targeting ligand for binding to transferrin receptors that are typically up-regulated on cancer cells. Developments resulting from CALAA-01 clinical trials will help pave the way when considering the design, safety, and efficacy of targeted siRNA delivery systems (Eifler and Thaxton, 2011) .
3. Targeting for Vaccines. Several groups have also leveraged the power of conjugated nano-and microparticles for improved delivery and activation of antigenpresenting cells. Dendritic cells are thought to be the most potent antigen-presenting cells for the stimulation of naive T cells but are difficult to target because of their low numbers compared with macrophages. For vaccines, an ideal target molecule has been DEC 205 because of its specificity in dendritic cells (DCs) and its ability to provide receptor-mediated endocytosis (Kwon et al., 2005; Cruz et al., 2010; Bandyopadhyay et al., 2011) . In vivo results from vaccinations using nanoparticles with DEC-205 targeting have shown mixed results but are nevertheless encouraging. Kwon et al. (2005) demonstrated that there is improved targeting of nanoparticles using DEC 205 in the draining inguinal lymph nodes and show a higher percentage of T cells expressing IFN-␥, but no targeting was observed in the mesenteric or popliteal lymph nodes. Cross-linking densities must also be considered when constructing conjugated nanoparticles as this may affect DC targeting and activation (Bandyopadhyay et al., 2011) .
B. Cell-Penetrating Peptides
Physical and antigen-based chemical targeting facilitates the localization of particles to the target region; however, in applications where cell internalization is critical to therapeutic outcome, physical and even some chemical targeting approaches fall short. Although some forms of specific targeting enhance uptake by promoting receptor-mediated endocytosis, others do not. To improve cellular entry and delivery of drugs within cells, researchers have taken a page from the playbook of viruses with some considerable success over the past 20 years (Brasseur and Divita, 2010) . Cell-penetrating peptides (CPPs) are peptides that are traditionally derived from viral structures that are employed to assist particles to enter cells (Deshayes et al., 2005) (Fig. 5) . The most commonly employed peptide sequence is the arginine rich TAT peptide derived from HIV that has been successfully used with nanoparticles to improve cellular entry (Frankel and Pabo, 1988; Ziegler et al., 2005; Torchilin, 2008) . Enhanced CPPs derived from TAT are usually arginine-rich peptides and have been engineered to be severalfold more efficient at cellular entry (Wender et al., 2000) . More than 30 peptides have been identified with varying composition and properties and are usually classified as cationic, amphipathic with a large fraction of basic residues, or hydrophobic (Fischer et al., 2005) .
Cellular studies using CPP-conjugated nanoparticles have demonstrated the capabilities of this approach to efficiently target nanoparticles to nonphagocytic cells. In one example, a polymeric micelle that has a hydrophobic core made of poly(L-lactic acid) and a hydrophilic shell consisting of PEG conjugated to TAT was used to effectively improve cellular uptake of nanoparticles. Using microscopy and flow cytometry analysis, they demonstrate that TAT attached to the micelles helped translocate the nanoparticles into the cells and near the nucleus, suitable for drugs targeting transcription factors (Sethuraman and Bae, 2007) . A similar study used the 9-mer arginine peptide conjugated to acid-degradable 
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I polymeric nanoparticles and demonstrated that this delivery vehicle is effective at promoting particle uptake in nonphagocytic epithelial cells (Cohen et al., 2008) . Beyond in vitro models, the use of CPP-conjugated nanoparticles is still in its infancy but will continue to be part of combined targeting approaches as a result of the attractive feature of the use of CPPs to remove the constraint of molecules that are intrinsically incapable of cellular uptake. Furthermore, CPPs alone may only allow improved cell entry but may still limit nanoparticles in their ability to target specific tissues, because pharmacokinetic studies of CPPs attached to DOPA seem to enter into all the major organs (Sarko et al., 2010) .
C. Stimuli-Responsive Nanoparticles
Using biological cues to creatively target pharmacological agents is always a good method to improve specificity and minimize side effects. However, this approach is not always available or significant given our current knowledge of biological pathways and available technology. An alternative method is to combine bioresponsive materials with internal or external physical stimuli. These stimuli may include polymeric nanoparticles responsive to changes in pH, reactive oxygen species, temperature, and light, among others (Table 4) .
1. Protease-Activated Systems. Tumor expansion followed by metastasis requires a breakdown of extracellular matrix by proteases. The most commonly studied proteases are matrix metalloproteases 2 and 9 (MMP-2 and MMP-9), because they are highly expressed in the tumor microenvironment and promote angiogenesis for the tumor (Turpeenniemi-Hujanen, 2005) . These proteases usually cleave a conserved peptide sequence. Delivery systems have been developed to take advantage of this specific protease activity and implement a short cleavable sequence to target release of cargo or activate an additional targeting module such as a cell-penetrating peptide (Olson et al., 2009) . A more elaborate, multistage nanoparticle system used physical targeting via the EPR effect to target leaky vesicles followed by protease-dependent release of smaller nanoparticles (Wong et al., 2011) . The smaller (10 nm) nanoparticles were then able to penetrate deep in the tumor, which is required for delivery into the tumor's dense collagen matrix.
Using only MMP-2 or MMP-9 for protease targeting may not be suitable for all tissues or tumors. In fact, a biodistribution study to analyze tumor targeting of MMP activity revealed that metalloproteinase targeting is not as efficient as previously believed and is most likely caused by cleavage in the vascular compartment rather than tumor-specific cleavage (van Duijnhoven et al., 2011) . To improve protease targeting of activatable cell-penetrating peptides, Whitney et al. (2010) developed a novel screen using phage display to identify unique tumor-specific proteases. They identified a peptide sequence that is cleaved not by metalloproteinases but by plasmin and elastases. Both of these enzymes were demonstrated to be highly overexpressed by tumors in mice. These advancements will continue to add specificity and improve the way nanoparticle systems can be targeted.
2. pH. Nanoparticles that are triggered by a decrease in pH have been an attractive system for improved delivery of encapsulated therapies. pH-responsive systems can be applied for external (tumor sites) and internal (endosomes) cellular release (Shen et al., 2008) . The extracellular matrix of tumor sites has a relatively low pH (pH ϳ6.5) due to the cell's high metabolic activity and limited oxygen availability. Cancer cells respond to this microenvironment by undergoing anaerobic glycolysis resulting in higher production of lactic acid. Several studies have successfully developed and demonstrated the potential of using this particular pathological stimuli to deliver encapsulated drugs (Gao et al., 2010) . For example, delivery of doxorubicin encapsulated in a poly(L-histidine)/PEG-based polymeric system seems to improve the circulation half-life and increases the local drug concentration in low-pH tumor sites (Gao et al., 2005) .
Nanoparticles can also be triggered to release drugs once they are taken up by cells via endocytosis (You and Auguste, 2009) . As nanoparticles are taken up by cells, they progress through the endocytic pathway and eventually to the lysosome. The early endosome begins to acidify within minutes and progressively becomes more acidic as it moves toward the lysosomes where the pH can be as low as 4. The pH difference within endosomes is an attractive system because particles can be maintained in stable conditions until they enter the targeted cells. In addition, changes in ionic strength causes a Gao et al., 2005; Bae et al., 2007; Cohen et al., 2008 Cohen et al., , 2009 Lee et al., 2008 Thermal Heat applied external or from physiologically changes De et al., 2008; Rahimi et al., 2008; Peng et al., 2011 Light Externally applied light Suzuki and Tanaka, 1990; Goodwin et al., 2005; Jiang et al., 2006; Fomina et al., 2010 Redox Regions where reactive oxidative and reductive species are abundant (inflammation and tumor sites) Napoli et al., 2004; Rehor et al., 2005; Reddy et al., 2006; Wilson et al., 2010; Mahmoud et al., 2011 Enzyme Regions of high protease expression such as cancerous tissue Olson et al., 2009; Andresen et al., 2010; Whitney et al., 2010; van Duijnhoven et al., 2011; Wong et al., 2011 J proton sponge effect in certain cationic buffering polymers that can allow the endosome to release encapsulated material. Delivery of drugs using pH-responsive nanoparticles via the endosome and into the cytoplasm is very effective and in some cases seems also to improve drug resistance . Delivery of nucleic acid therapeutics for gene or siRNA delivery seems to be very promising when delivered using pH-responsive materials. DNA or siRNA delivery is very inefficient when delivered by itself as a result of degradation from nucleases and the inability for these large negatively charged molecules to cross the membrane. However, even if nucleic acids cross the membrane and enter through the endosome, they can become degraded in the lysosome if they are not released into the cytoplasm. Convertine et al. (2010) used diblock copolymer nanoparticles, incorporating poly(propylacrylic acid) to induce a hydrophobic switch upon low pH, for the delivery of siRNA and demonstrate in vitro a significant knockdown of GAPDH mRNA levels using low siRNA concentrations. Delivery of siRNA using pH responsive nanoparticles is still in its early stages but is already creating a buzz in this growing field (Keller, 2009; Ozpolat et al., 2010; Shim and Kwon, 2010) .
A combination of pH-responsive nanoparticles with other targeting strategies can also help to further target and enhance the therapeutic outcome. Combining cellpenetrating peptides with pH-responsive nanoparticles has been successfully used to efficiently enter and then release drug content into nonphagocytic cells (Cohen et al., 2008) . One group combined three strategies for improved delivery: PEGylation, pH response, and cell-penetrating peptides. They used stealth nanoparticles designed to take advantage of pH changes to shed their PEG molecules, which resulted in exposure of cell-penetrating peptides to enter cells (Lee et al., 2008) .
3. Temperature. Thermally responsive polymeric nanoparticles can be used to take advantage of local temperature differences or via external heat application. Nanoparticles that contain temperature-sensitive polymers can shrink or expand when triggered by heat. The balance between the hydrophobic and hydrophilic segments determines the sensitivity of heat. Temperatureresponsive polymeric systems have been successfully applied for controlled release of drugs or proteins from gels; however, only a few groups have shown success in control release of drugs from particles in the physiological temperature range. Particles made with poly(Nisopropylacrylamide) polymers are the type most commonly used for thermoresponsive systems (Zhou et al., 2007; Zhao et al., 2011) . It has been successfully used to encapsulate doxorubicin in poly(N-isopropylacrylamidecoacrylamide-coallylamine) nanoparticles, where it can be triggered to release its content at a temperature of 41°C, just above body temperature (Rahimi et al., 2008) . Recent in vivo studies are also beginning to show some promising results to treat cancer using thermosensitive nanoparticles based on poly(N-isopropylacrylamide-co-((2-dimethylamino)ethylmethacrylate) copolymers. For instance, the chemotherapeutic drug SN-38 can be delivered using thermosensitive nanoparticles to efficiently suppress colon tumor growth when combined with hyperthermia (Peng et al., 2011) . Poly(N-isopropylacrylamide)-based systems are limited by the polymer's toxicity, immunogenicity, and short blood circulation time, but these could be overcome by PEGylation or other creative designs to shield the thermosensitive portion of the nanoparticle (Zhao et al., 2011) . This field of thermoresponsive nanoparticles is still in the emerging stage but will likely be useful for therapeutic applications requiring localized controlled release.
4. Light. Light-activated release of pharmacological agents is one of the most promising controlled delivery systems for specific targeting that has begun to emerge with exciting possibilities. Having spatial and timed control release of a drug complex is highly desired when treating localized diseases such as cancer. One can imagine a system where release of a drug only occurs when a physician remotely shines light or a laser to release the drug locally, leaving all other tissue, including skin, intact (Fig. 6) .
Light-activated particles are created using optically active substances such as functional dyes, metals, and light-sensitive polymers that are capable of degrading or releasing their cargo (Bédard et al., 2010) . Light-responsive polymers have been designed to respond to UV, visible light, and near-infrared (NIR) light. Particle encapsulation and UV-triggered release of drug compounds can be developed using amphiphilic block compolymers composed of poly(ethylene oxide) and poly (2-nitrobenzyl methacrylate) (Jiang et al., 2006) . UV light has the highest power and can break polymeric bonds more easily but can also damage surrounding tissue and skin. Particles that are responsive to visible light instead of UV offer a less harmful alternative. Light-responsive systems can incorporate a chromophore that can absorb light, which is then dissipated locally as heat, ultimately altering the swelling of the particle (Suzuki and Tanaka, 1990) . These systems have limitations, however, because most visible light cannot penetrate well into tissue, and the reactions are slow when converting light into thermal energy.
NIR light between 750 and 1000 nm has been shown to penetrate the skin more deeply with minimal risk to surrounding tissue or skin. This optical window presents an opportunity to develop novel stimuli-responsive systems to control delivery of pharmaceuticals in a harmless yet effective manner. Advances in this field have demonstrated promising results. For example, a micellar composition of PEG and 2-diazo-1,2-naphthoquinone were combined to form NIR light-triggered particles that can release their cargo when irradiated with a laser emitting at 795 nm (Goodwin et al., 2005) . Polymers with even more sensitivity have been developed using POLYMERIC PARTICLES FOR DRUG DELIVERY K self-immolative monomers that can potentially sense a single triggering event to degrade the entire particle (Fomina et al., 2010) . In vitro studies show that these polymeric nanoparticles can be used to encapsulate small molecules and can be released rapidly, followed by degradation, making them suitable for biomedical applications. Although the field of NIR light-responsive particles is relatively new, it seems to be one the most promising systems to control drug delivery.
D. Coopting Cell Migration
A few groups have attempted the innovative strategy of targeting nanoparticles by co-opting the ability of certain cell types to migrate to particular tissues. Although only one of these involved polymeric particles (Cheng et al., 2010) , the strategy used with liposomes could also be applied. Cheng et al. (2010) demonstrated that bone marrow-derived mesenchymal stem cells can carry commercial polystyrene nanospheres, attached via biotin-avidin affinity, to tumor microspheres in vitro. Alternatively, nanoparticles can be covalently attached, for example by decoration with maleimide moieties, which react with cell-surface thiols (Stephan et al., 2010) . The latter study demonstrated that cell-attached liposomes can release their contents; however, whether this approach increases efficiency of nanoparticle delivery to the target tissue remains to be determined. The molecules released in that case were cytokines intended to enhance expansion of the T cells to which they were attached. The goal of enhanced delivery could be a challenge because cells may internalize the attached particles before reaching the target. In any case, translating this strategy into a clinically relevant system would require creative strategies to avoid inducing immune responses.
IV. Conclusion
Targeting strategies can be divided into two categories: physical and chemical targeting. Physical targeting involves physical parameters and, with certain fabrication techniques, offers a commercially viable method of efficiently delivering therapeutic particles to diseased tissue and cells. Fabrication techniques are necessarily varied and thus produce various degrees of polydispersity, thereby affecting conclusions on the effects of these parameters on biological interactions in vivo and in vitro. Exacerbating these issues is the fact that measurements and data analysis of size and polydispersity are not straightforward and can produce measurements that do not accurately describe the nature of these small particles. Both of these limits, fabrication and characterization of nanoparticles, will be overcome eventually. Nevertheless, particle size has proven to be important to targeting cancer and is a much more economically viable method than chemical targeting. Larger particles take advantage of the EPR effect and thus accumulate in the tumor site. However, larger particles are unable to penetrate into tumors the way smaller particles can. Therefore, structures with smart and dynamic size properties seem to hold promise in circumventing this seemingly no-win situation. For immunological applications, smaller particles better target dendritic cells in lymph nodes, whereas larger particles better target DCs in the periphery.
In investigating affects of shape, the limits have been fabrication techniques; new techniques developed have enabled recent insights on shape effects. There is still much to do in this area within the limits of the available fabrication techniques.
Recently the stiffness of a particle was shown to be useful in targeting uptake by certain cell types. For example, HeLa cells are better able to engulf soft particles whereas macrophages are better able to engulf harder particles. This could be the reason why some studies show particles that are softer (because of a low cross-linking density) and circulate for longer (possibly because of reduced macrophage uptake). Chemical targeting can be split into two categories: ex vivo and in vivo strategies. The most well studied in vivo strategies involve molecular recognition. However, these are generally limited by the tendency of targeting moieties to enhance delivery to unwanted organs (i.e., spleen and liver) even more than they enhance delivery to intended tissues. For example, modification of PEG-PLGA particles with tumor antigen-binding aptamer increases accumulation in tumors from 0.5 to 1.2%, but simultaneously increases accumulation in liver from 25 to 35% ). An alternative approach to specific targeting involves responsive systems that can recognize a diseased biochemical environment. Ex vivo conditions include light-activated systems. In terms of in vivo chemical-targeting efforts, antibody conjugation is a good strategy when significant amounts of active binding sites are present after conjugation. The field of optically and thermally responsive nanoparticles is still in its infancy but will likely be useful for therapeutic applications requiring localized release.
Nanotechnology has been improving and will eventually be used to treat multiple diseases that have few or no current effective therapy. The number of researchers with diverse training in this field is growing and will help lead to novel developments in chemistry, engineering, and biomedical applications. Interdisciplinary collaborations in this field will continue to revolutionize how we deliver drugs, plasmids, siRNA, proteins, and diagnostic agents. We look forward to the promise of polymeric systems, as they will continue to improve and offer new ways to control release, improve targeting, and limit toxicity.
